Sperm have been studied for their obvious role in fertilization and as a model system for cell -cell interactions and cell signaling. Despite its central and critical role in reproduction, we know surprisingly little about the overall molecular composition of sperm. Interest in sperm function has greatly intensified for two reasons: first, it is becoming increasingly apparent that human infertility can be traced to male factors, including alterations in sperm proteins, and second, there is increasing empirical evidence that sperm provide essential factors, both nucleic acid-and protein-based, to early zygote development possibly beyond their role in fertilization. At the molecular level, study of the sperm proteome has revealed a variety of genetic mechanisms involved in the organization and evolution of sperm form and function. These discoveries are being augmented and expanded by the application of proteomics that directly identifies protein constituents of sperm. In this article I argue that sperm are ideal candidate cell types for proteomic analyses and describe the current state of the field focussing on the recently described sperm proteome in the fruit fly Drosophila melanogaster.
INTRODUCTION
'A Drosophila sperm walks into a bar. Bartender says, "Why the long tail?"' Anonymous quote.
This joke, in addition to being highly derivative, may not be understood by the wider scientific audience. However, it is instructive as to the degree in variation sperm form and function can, and do, display for Drosophila sperm tails are incredibly, almost absurdly, long structures engulfed by the egg during fertilization (1, 2) . The purpose of this cellular contortionism is not entirely clear, but is a common feature amongst insects (3) . These, and other observations suggest sperm are far more than simple 'DNA delivery vehicles' and instead provide additional functions, including egg activation (4), origination of the zygote centrosome (5) and delivery of mRNA (6, 7) .
It is becoming increasingly apparent that human infertility can be traced to a male factor (8) . Indeed, a recent proteomics study found 20 sperm protein spots with altered 2D gel migration patterns in infertile males with otherwise apparently normal amount, motility and morphology of sperm (9, 10) . The functions of these altered proteins, if any, in male infertility is unknown. These relatively new findings highlight potential new roles for paternally derived protein products and also our limited understanding of the genes and genetic variants that result in more subtle impairments in sperm viability, motility or metabolism. Genetic analyses in the mouse has identified hundreds of genes that influence fertility (11 -13) , but only recently has proteomics been systematically applied characterize sperm components (14) . Otherwise, we have only very limited knowledge as to the molecular genetic basis of infertility.
Drosophila has figured prominently in extending appreciation of the sperm's role in reproduction (as has fertilization studies in the worm, Caenorhabditis elegans, not discussed further due to space constraints). In addition to cell biological studies, mutational analyses has recently identified paternal effect lethal genes in Drosophila providing definitive proof that extragenic paternal factors are essential for zygote formation (15 -18) . A comprehensive genetic analyses of male infertility has shown as many as 2000 genes in Drosophila underlie male sterility is promising as many may directly involve fertilization (19) . It will be of great interest to determine how many of these genes are in fact bona fide paternal effects and how they function during fertilization or early embryogenesis.
The genetics of reproduction is also complicated by rapid evolution and functional diversification of male reproductive genes due to sexual selective pressures (20) . Therefore, model systems of infertility will require a combined comparative approach to identify conserved molecular and genetic mechanisms of spermatogenesis. Given its rich genetic heritage, availability of numerous sequenced genomes and a # The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org *To whom correspondence should be addressed. Email: t.l.karr@bath.ac.uk powerful genetic 'toolbox' to manipulate gene expression, Drosophila should be an important model systems for a system-wide analysis of sperm structure, and function.
SPERM AS IDEAL CANDIDATES FOR WHOLE CELL PROTEOMIC ANALYSES
It has now well established that the fruit fly Drosophila melanogaster and mammals, including humans, share a great many genes in common. They also share conserved metabolic and signaling pathways at the cellular level, and Drosophila has been an important tool in unraveling many signaling systems including circadian rhythms and some elements of learning and memory. Indeed, there is growing consensus that Drosophila is an appropriate model system for the study of human diseases including Huntington's Disease, Parkinson's Disease and Alzheimer's Disease as recently discussed in this Journal (21, 22) . It therefore follows that fertilization biology will similarly benefit from knowledge gained in the Drosophila system.
The number of proteins that comprise a cellular proteome is difficult if not impossible to define. As a dynamic process, cellular life changes constantly making the proteome a 'moving target'. Likewise, proteome complexity rises dramatically when post-translational modifications are taken into account. Diploid cell proteomes can be bewilderingly complex; one recent study identified as many as 20 000 protein -protein interactions (23) . The pros and cons of the application of proteomics, particularly mass spectrometry and allied separation techniques, 2D gels and biochemical fractionation/separation, have been well discussed in the literature (24 -30) . Additional technological and theoretical advances will certainly be forthcoming, but until significant advancements are achieved in these technologies, the general applicability of proteomics to cell structure/function and the loftier goal of systems biology in metazoans will remain limited. In this regard, analysis of sperm proteomes may provide a useful starting point for a systems level analysis of cellular function in eukaryotes. The Drosophila sperm proteome (DmSP), by providing for the first time a broader description of the basic constituents of a sperm should be informative for all areas of sperm research, including humans and mammals. Here, the value, both biological and technological, of using sperm as proteomics targets will be briefly discussed, keeping in mind the limitations of the techniques used.
Sperm, as streamlined haploid cells, are relatively 'simple' (Fig. 1) as deduced from 2D gel spot counts. Best estimates from 2D gels suggest that sperm contain anywhere from 1300þ proteins (31) to 400 (32) . There is, in principle, no reason why the number of sperm proteins would be the same in different species and the 2-3-fold difference in estimates may simply reflect taxa specific differences. On the other hand, the measured differences could also reflect differences in sperm purification techniques or how sperm develop and/ or are stored in the male. It will be an important issue to resolve as knowledge of a 'core sperm proteome' will greatly assist our understanding of sperm structure/function and evolution as more sperm proteomes are unveiled. By any account the number of proteins in the sperm proteome represent a fraction of the predicted repertoire of diploid cells, which range from 5000 to 10 000.
THE DROSOPHILA SPERM PROTEOME
As shown in Figure 1 , Drosophila sperm can be purified by simple methods to a highly purified level (32) . As shown also in Figure 1 , something perhaps not generally appreciated, is that the presence of this rather large sperm cell means that a correspondingly complete sperm proteome also resides in the egg both during, and following, fertilization. Sperm as large as 16 000 mm in length have been visualized inside Drosophila eggs (2) suggesting that some rather elaborate mechanisms have evolved to carry out this task. Perhaps even more remarkable is the stereotypical nature of the structures formed (1, 2) suggesting that a high degree of sperm -egg interactions mediate sperm entrance. A natural extension of these observations was to ask what proteins were in the egg, something proteomics could answer once high throughput mass spectrometry technologies were developed.
The DmSP was studied using a combination of MS/MS mass spectrometry and 2D gels to identify 381 proteins (32) . This included 37 ambiguous assignments, usually proteins in highly conserved gene families or recently duplicated genes. GO annotation identified six broad functional categories as shown in Figure 2 . A majority of DmSP genes fall into categories involved in energy production and utilization (energetics and central metabolism and by genes encoding cytoskeletal proteins). This distribution is consistent with a cell type substantially composed of a mitochondrial derivative and a microtubule-based axoneme. However, as found in other genomics and proteomic studies, a large category representing genes with no annotated function was also present in the data set. Many central metabolic enzymes were identified, including enzymes of the lower half of glycolysis, e.g. enolase, phosphoglyceromutase, and pyruvate kinase involved in the generation of ATP directly from phophorlyated intermediate compounds. Their presence is consistent with a recent biochemical study that identified similar enzymatic activities in the Chlamydomonas reinhardtii flagellum (33) . The key metabolic enzyme, pyruvate dehydrogenase, and members of the oxidative phosphorylation pathway were also found.
The DmSP contains a diverse repertoire of categories representing a wide spectrum of functional capacities including some unexpected ones (Table 1) . These include seven annotated leucyl aminopeptidases (Laps) among a total of 13 peptidases/proteases. Many of the Laps are members of a gene family that has recently expanded and diversified (S. Dorus and T.L.K., unpublished data). Two Laps reside in the meta-cluster of spermatogenesis genes at cytological band 53C (discussed later), and CG32351, is a major constituent of sperm as estimated on 2D gels (Fig. 1) . Only dPsa, a puromycin-sensitive aminopeptidase, has been studied at the molecular level (34) . Although these studies failed to reveal a clear function in Drosophila fertilization, a related aminopeptidase in C. elegans is required for anteroposterior polarity in the early embryo (35) . Aminopeptidases and endoproteases have long been known associated with seminal fluid secretions and involved in fertilization competence in a variety of Figure 1 . Sperm purification and fertilization in Drosophila. Representative samples (pictures on left) used for high resolution 2D gel electrophoresis (right) show the expected reduction in spot counts during sperm purification. Adult males (top) were dissected and testes þ seminal vesicles (second from top) and seminal vesicles further separated (white circle, second from top). Seminal vesicles were then carefully punctured with a needle releasing sperm in a coherent spaghetti-like mass due to their length (fourth photo). The corresponding 2D gels at each stage (right panels) indicate the number and complexity of proteins. Arrowheads indicate spots containing DmSP aminopeptidases as identified by MALDI-TOF MS (U. Gerike, unpublished data). Arrows at bottom indicate fertilization and incorporation of the sperm and DmSP into a Drosophila egg (bottom image). Fertilization was monitored using an anti-sperm antibody and is recognized as the coiled white thread-like structure seen at the anterior end of the egg (2).
organisms (36) . However, other than Drosophila, there appears to be only one other, a GPI-anchored aminopeptidase identified biochemically from the surfaces of sperm of the mussel, Mytilus (37) . MALDI-TOF MS (matrix absorbed laser dissociation-ionization time-of-flight mass spectrometry) analysis identified five spots on 2D gels containing annotated leucylaminopeptidases ( Fig. 1; (32) , U. Gerike and T.L.K., unpublished data). Inspection of these spots indicate that these aminopeptidases represent a substantial proportion of the total protein in Drosophila sperm. While at present this family of aminopeptidases appear unique to Drosophila, future studies will focus on the identification of related enzymes in mammalian and human sperm. Understanding the function of this enzyme family in sperm, and its relationship to other peptidases/proteases found in seminal fluids should provide a deeper understanding of the fertilization process in Drosophila and other taxa. Table 1 also contains a number of other DmSP genes, many previously identified by genetic analyses or electronic annotation. These include genes shown previously to affect sperm development, several oxidoreductases and transport proteins presumably involved in energy generation and transduction (e.g. sesB and Ant2), ion channel proteins (e.g. Porin 2) and cell -cell signaling (e.g. Plkk1). Amongst the neural genes are a number of genes that interact with the cytoskeleton (mir and Glued), ion-channel proteins involved in behavioral responses such as the detection of sound (nompC) and larval feeding behavior (Pkd2). Recognition of these as members of the DmSP may identify new sperm functions for these genes. Given the extensive interactions sperm undergo with the female environment, such genes may have novel new functions related to the functions already recognized in other tissues.
The extensive cytological mapping of Drosophila genes was utilized to map all 381 DmSP genes onto the polytene chromosomes (Fig. 3) representing the first such genetic and evolutionary analysis of a proteome (32) . This genome-wide view of DmSP gene distributions revealed interesting features including a significant under representation of sperm genes on the X-chromosome. This is consistent with the theory of sexually antagonistic selection upon genes functioning during spermatogenesis (38) . Another insightful finding was a highly localized physical clustering of DmSP genes. A total of 24 adjacent gene pairs were observed (Fig. 3 ) that deviated significantly from normal distribution of genes along the chromosome. Additionally, 27 larger 'loose' gene clusters were identified separated by an average of less than two non-DmSP genes (Fig. 3) . A striking six gene cluster in a 173 kb region of cytological band 53C that correlated with a high incidence of spermatogenesis genes, as previously shown (39) . Thus the DmSP genes display a mosaic-like structure with regional concentrations of genes. Interestingly, DmSP gene clusters are not correlated with functional properties (except for instances where clustered genes are the product of recent localized duplications) suggesting that coregulation involving higher order chromatin domains may coordinate expression during spermatogenesis. Several hypotheses might account for this observation, one involving chromatin condensation in a hierarchical fashion beginning with non-sperm-specific regions of the genome followed by housekeeping genes and finally genes encoding sperm specific proteins necessary for the final stages of sperm development. These genes would represent 'last-orders-at-the-bar' regions of the genome and, in an ever increasingly crowded environment as chromatin compaction progresses, would favor Genome-wide questions such as these can be addressed effectively using comparative genomic and evolutionary studies for which Drosophila is particularly well suited.
EVOLUTIONARY ANALYSIS OF THE DmSP
Evolutionary analyses are greatly accelerated by the availability of twelve Drosophila genomes in the database (40) .
As an initial step orthologous Drosophila simulans sequences representing .500 kb were analyzed. Pairwise comparison of the synonymous and non-synonymous averages suggested that overall the DmSP is evolving quite conservatively presumably due to functional constraints (32). However, there was considerable variation in divergence rates of proteins in various categories of the DmSP (Fig. 2) . Genes encoding DNA/RNA binding factors appear to be evolving at a rapid rate, although a thorough and systematic analysis must be performed to confirm this supposition. High levels of selective constraint on the DmSP overall is expected as many perform critical cellular functions of motility and primary metabolism.
The ability to exploit the genomics of the twelve sequenced Drosophila genomes, coupled with knowledge of the sperm proteome will provide a unique perspective of the forces that have shaped the evolutionary landscape of sperm form and function in this clade. Overall, the DmSP did not show evidence of positive selection (as indicated by a Ka/Ks . 1) in stark contrast to another reproductive tissue, the accessory gland. The primary secretory products of accessory glands are accessory proteins, ACPs, which then bind to interact with sperm and/or the female (41 -43) and many are under positive directional selection (44, 45) . Thus, differential selection appears to operate on these two reproductive tissues and led to the suggestion that 'compartmentalization of adaptation' is a response to sexual selection (32) . This idea is consistent with the fact that proteins such as ACPs interact directly with both sperm and with the female reproductive tract whereas sperm proteins may undergo less direct interaction. Thus, rapid molecular changes can occur in one without directly altering the regulation and developmental processes within the other. Mammals also produce similar secretions, semen, that contain a variety of proteins, which interact with sperm and many of these also show evidence of positive selection (46, 47) . Adaptive responses to sexual selection are an important element of the evolution of sexual systems and further analysis of the relationships between these two systems will provide a framework for how adaptive responses are realized within other complex biological structures and systems.
RELATIONSHIP TO MAMMALIAN PROTEOMES
Identification of genes orthologous to the DmSP will be useful for studies on sperm function in mammals and other taxa. These comparative proteomic analyses will provide deeper understanding of sperm function by providing parallel genetic systems. For example, Steve Dorus at the University of Bath is currently analyzing a number of genes from the mouse sperm proteome based in part on orthologous sequences in the DmSP. These studies will identify target genes for genetic and functional analysis in both Drosophila and the mouse. A longer term goal will be to extend these approaches to the study of human fertility and the identification of sperm factors responsible for male infertility. The DmSP has already provided one candidate for which orthologues exist in both the mouse and human, the gene Growth arrest-specific 8 (Gas8), which has been implicated in spermatid growth arrest and sperm motility in mammals (48) . Drosophila Gas8 may serve analogous functions in Drosophila sperm motility and analysis of Gas8 may provide relevant functional data concerning its role in mammals and other taxa. The utility of a comparative approach was further demonstrated by comparison of the DmSP to the recently described mouse axoneme accessory structure (49). Significant homology was found in greater than 40% of the comparisons between DmSP genes and genes that comprise this structure (Table 2 ). High levels of similarity were observed for various structural proteins, including the tektins, and a diverse set of metabolic proteins. It seems reasonable to expect similar relationships will be found as more extensive comparative work progresses with an ever expanding diversity of sperm proteomes.
CONCLUSION
Clearly a universal feature of sperm function is to deliver the paternal genetic heritage to the egg. But as shown dramatically in Figure 1 in D. melanogaster and throughout the genus Drosophila (1,50,51) even sperm of gigantic proportions can completely enter the egg at fertilization. This appears now a general rule in animal fertilization as incorporation of sperm tails has been observed in the mouse (52) and other insects including beetles (3) and has led to renewed appreciation of the relevance of sperm -egg interactions both at the surface of gametes and within the egg during and following fertilization. These observations raise the obvious question -why incorporate such a huge structure into the egg? Such enormous products and their by-products must be managed and eliminated properly and could place a considerable burden on the developing egg. Indeed Drosophila sperm by-products are present in larval midguts as intact remnants of the sperm axoneme (53) . These findings challenge our concepts about the overall role of sperm in fertilization, but also points to exciting new discoveries that await developmental, evolutionary and reproductive biologists interested sperm function.
Whole sperm proteomics should be applicable to other systems where pure sperm can be obtained, free from contaminating seminal fluid products and modifications brought on by physiological activation of sperm. Although clearly in its infancy, future studies of sperm proteomes in related mammalian and human systems will determine how useful the DmSP will be in furthering our understanding of fertility.
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